Growing evidence implicates hypothalamic inflammation in the pathogenesis of dietinduced obesity and cognitive dysfunction in rodent models. Few studies have addressed the association between obesity and hypothalamic damage in humans and its relevance.
L
ittle is known regarding how brain systems that promote weight stability are altered in obesity (1) . Growing evidence implicates immune-cell-mediated tissue inflammation as a mechanism linking obesity to insulin resistance and comorbidities such as cardiovascular disease (2) . In animals, high-fat diets lead to increased inflammatory signaling in body-weight-regulating areas of the hypothalamus critical for energy homeostasis, contributing to leptin resistance and weight gain, (3) (4) (5) with reactive gliosis in the hypothalamic arcuate nucleus and median eminence (6) .
Magnetic resonance imaging (MRI) can help study hypothalamic cytoarchitecture. Lee et al (7) found high-fat diets increased T2 relaxation times in rats' mediobasal hypothalamus, reflecting increased astrocytosis and microglial accumulation. Conventional MRI sequences, such as T2-weighted sequences, show signal changes in brain tissue related to pathophysiological phenomena such as astrocytosis or microglial accumulation.
Diffusion tensor imaging (DTI), an MRI technique that uses information on the predominant direction and degree of water diffusion, reveals microstructural brain-tissue damage after ischemia, infection, or inflammation (8) . The degree that diffusion is direction-dependent (anisotropy) depends on the level of tissue organization and integrity and on the degree of freedom of water diffusion along axons, across cell membranes, and in extracellular space. The magnitude of diffusion characteristics can be calculated as eigenvectors/eigenvalues. Three eigenvalues are used to calculate fractional anisotropy (FA), a DTI-metric of the relative difference in water diffusivities along multiple axes: 1 (principal axis or axial diffusivity), representing water motion along axons, and 2 and 3 (shorter perpendicular axes or radial diffusivity), representing diffusion across the axon (8) . Gray-matter density and microstructure can be assessed by mean diffusivity (MD) or other DTI-metrics (9) . DTI can provide new and more precise information about possible changes in the microstructure of the hypothalamus.
Few studies have evaluated brain-tissue diffusion in obesity. Hypothalamic apparent diffusion coefficients (ADC) are higher in obese than nonobese subjects, (10) suggesting microstructural damage. Body mass index (BMI) correlates with FA in cerebral white matter (11) (12) (13) . Hypothalamic gray-matter loss correlates with cognitive impairment in multiple sclerosis (MS); (14) however, obesity-associated hypothalamic damage's impact on cognitive function is poorly understood. We assessed obesityassociated hypothalamic damage by DTI and examined its impact on cognitive performance.
Subjects and Methods

Subjects
From January to September 2012, we recruited 24 consecutive obese subjects undergoing MRI in a study evaluating the role of intestinal microflora in nonalcoholic fatty liver disease. We included subjects aged 30 to 65 years with BMI Ͼ 30 kg/m 2 and excluded those with systemic disease, infection in the previous month, serious chronic illness, ethanol intake Ͼ 20g per day, or taking medications that might interfere with insulin action. We enrolled 20 healthy subjects (BMI Ͻ 25 kg/m 2 ) as controls. Control subjects were normotensive and selected on the basis of similarity in age and sex compared to obese subjects and the absence of a personal history of inflammatory diseases or current drug treatment. The institutional review board (IRB) approved the study, and all subjects provided informed written consent.
Study Protocol
Patients underwent anthropometric measurements, abdominal (15) and vascular (16) ultrasonography, and, after 8 hours fasting, provided blood for measurement of plasma lipids, glucose, and insulin. Glucose and lipid levels were determined by standard laboratory methods. Subjects underwent standard 75 g oral glucose tolerance tests, with determination of glucose and insulin at 0, 30, 60, 90, and 120 minutes. The area under the curve (AUC) for glucose and insulin was then calculated using the trapezoidal method. Serum insulin was measured by radioimmunoassay (RIA). Insulin resistance was determined by the homeostasis model assessment of insulin resistance (HOMA-IR). Serum alanine aminotransferase (ALT) and ␥-glutamyltransferase (GGT) levels were determined using enzymatic methods. Serum lipopolysaccharide-binding protein (LBP) levels were measured by human-LBP enzyme-linked immunosorbent assay (ELISA) (HyCult Biotechnology, Huden, the Netherlands).
Body Composition
Fat mass was determined via dual energy x-ray absorptiometry (GE Lunar iDXA; Milwaukee, WI).
Magnetic resonance imaging
All patients underwent MRI on a 1.5T Intera scanner (Philips Healthcare, Best, the Netherlands). The protocol included axial fluid-attenuated inversion recovery (FLAIR) and DTI sequences. For FLAIR, the parameters were repetition time (TR), 7569msec; echo time (TE), 115msec; inversion delay, 2200msec; flip angle,90°; matrix,256 ϫ 192; section thickness, 3 mm; interslice gap, 1 mm; and FOV, 230 ϫ 180 mm. DTI data were acquired using single-shot EPI sequences with the SENSE parallel imaging scheme to reduce scanning time and minimize artifacts. Diffusion-sensitized gradients were applied along 15 noncollinear directions with a b-value of 1000 seconds/mm 2 . Other acquisition parameters were TR/TE,6795/72ms; FOV,23 ϫ 23cm; and matrix size,112 ϫ 112. Forty-five contiguous 3-mm axial sections covering the brain were acquired parallel to the anteroposterior line. DTI scanning took 3 minutes.
Data Processing
DTI images were coregistered; a neuroradiologist blinded to clinical information used dedicated software (Olea SphereV.2.0,La Ciotat,France) to place free-hand regions of in-
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Hypothalamic damage in obesity and cognition J Clin Endocrinol Metab terest (ROIs) in the right and left sides of the hypothalamus using validated landmarks (17) . Primary( 1 ), secondary( 2 ), and tertiary( 3 ) eigenvalues, FA, and MD were calculated. DTI measurements were repeated 1 month later to assess intraobserver agreement. Values of DTI-metrics were obtained by averaging all voxels within the ROI (Supplemental Figure 1) . Mean values from the each side were averaged for statistical analyses. Mean ROI area was 5 Ϯ 1.5 mm 2 . The hypothalamus was visually inspected for abnormalities on FLAIR.
Neuropsychological assessment
Cognitive performance was assessed with the Wechsler Adult Intelligence Scale (WAIS) third edition (vocabulary, digit span, picture completion, and picture arrangement subsets). Attention and executive functions were assessed with the Trail Making Test (parts A and B) and modified Wisconsin Card Sorting test. Processing speed and selective attention were assessed with the Stroop Neuropsychological Screening Test. Risk-taking and impulsive behaviors were assessed with the Iowa Gambling Task.
Statistical analysis
Results are expressed as meansϮstandard deviation for continuous variables and as frequencies for categorical variables. To determine differences with respect to the presence of obesity, we used Student's t test for quantitative variables and the 2 test for qualitative variables. To calculate the 1 cutoff to predict hypothalamic damage, we used receiver operator characteristic curves. For each variable, differences according to the prespecified hypothalamic 1 cutoff were tested using Student's t test or the 2 test. Multivariate logistic regression and stepwise regression analyses were used to identify independent predictors of hypothalamic damage. The intraclass correlation coefficient (ICC) was used to classify intraobserver reliability as fair (ICC ϭ 0.5-0.7), good (0.7-0.9), or almost perfect (Ͼ0.90). Statistical significance was set at P Ͻ .05. Statistical analyses were performed with Minitab, Version 16.2.1 (Minitab, State College, PA).
Results
Supplemental Table 1 reports subjects' characteristics. The intraobserver consistency for DTI measurements in the hypothalamus was good (ICC ϭ 0.809). Mean 1 hypothalamic values were lower in obese subjects (P Ͻ .001). The mean hypothalamic 1 cutoff that best discriminated obese from control subjects was 1.072 ( Figure 1 ). The sensitivity, specificity, and positive predictive value (PPV) and negative predictive value (NPV) for hypothalamic damage by mean 1 Ͻ1.072 were 75%, 87.5%, 83.3%, and 80.7%, respectively (AUC:0.854; 95%CI:0.742-0.96). No significant differences were found for 2 , 3 , FA, or MD. After adjustment for age and sex, subjects with hypothalamic 1 Ͻ1.072 had significantly increased values of BMI, fat mass, ALT, GGT, C-reactive protein (CRP), LBP, carotid intima-media thickness, and prevalence of hepatic steatosis (Table 1) . Interestingly, when studying obese and control subjects separately, the hypothalamic 1 correlated negatively with fat mass within obese subjects (rϭ-0.51, P ϭ .01) but not in nonobese subjects (r ϭ 0.05, P ϭ .8). We also found significant differences with respect to total fat mass according to a hypothalamic 1 cutpoint of 1.072 (Table 1) . In a stepwise linear regression analysis, fat mass (P Ͻ .0001) and HOMA-IR value (P ϭ .037), but not age, independently contributed to 22.4% of 1 hypothalamic variance. Finally, while fat mass (P Ͻ .0001) and HOMA-IR (P ϭ .011) contributed to 56% of hypothalamic 1 variance among women, this was not observed in men.
The BMI cutoff that best discriminated hypothalamic damage was 34 kg/m 2 , yielding 80.7% sensitivity, 83.3% specificity, 87.5% PPV, and 75% NPV (AUC:0.829; P Ͻ Figure 1 . A, Obese subjects had lower hypothalamic primary eigenvalues (1) (P Ͻ .001). B, To calculate the 1 cutoff to predict hypothalamic damage, we used receiver operator characteristic curves. C, Patients with hypothalamic 1 Ͻ1.072 had higher BMI. The equation of the linear regression analysis was BMI ϭ 114.32-75. 13 ( 1 ), r ϭ 0.58, P ϭ .001. .001). The ALT cutoff that best discriminated hypotha-lamic damage was 23.5 U/l, yielding 69.2% sensitivity, 
E4
Hypothalamic damage in obesity and cognition J Clin Endocrinol Metab 94.4% specificity, 94.7% PPV, and 68% NPV (AUC: 0.829;P ϭ .005). The LBP cutoff that best discriminated hypothalamic damage was 24.1ng/l, yielding 73% sensitivity, 83.3% specificity, 86.3% PPV, and 68.1% NPV (AUC:0.720;P ϭ .031)(Supplemental Table 2 ). Hypothalamic gray-matter loss defined as 1 Ͻ1.072 significantly correlated with worse cognitive performance ( Table 1) .
Discussion
Obesity is known to be associated with gray and white matter changes, (10 -13) and with hypothalamic inflammation in experimental models (3) (4) (5) 7) . Obesity is also well known to affect cognitive performance (18, 19) . To our knowledge, this would be the first study exploring cognitive function in association with hypothalamic inflammation in obese subjects. In this cross-sectional study, lower mean hypothalamic 1 in obese subjects suggests neuronal damage. Interestingly, the strongest predictor of hypothalamic damage in the multivariate analysis was combined BMI and ALT. Fat mass and insulin resistance contributed independently to hypothalamic 1 variance. Of note, even within obese subjects, fat mass was significantly associated with hypothalamic 1 , and this was especially remarkable among women. Mueller et al had previously reported sex-dependent influences of obesity on cerebral white matter (11) . Other factors associated with altered hypothalamic microstructure on DTI were the inflammatory markers CRP, LBP, and carotid intima-media thickness. These findings support the idea that liver and brain damage are interrelated with vascular status in obesity-associated inflammation, contributing to comorbidities such as insulin resistance and cardiovascular disease.
Rapid-onset inflammation and reactive gliosis in the hypothalamus of rodents consuming high-fat diets represents a response to neuronal injury, probably induced by ischemia or excitotoxicity (3) (4) (5) 7) . Detecting and quantifying obesity-related hypothalamic damage in vivo represents a challenge. Longer hypothalamic T2 relaxation times in mice on high-fat diets probably reflect increased numbers of glial cells, reactive astrocytosis, and/or decreased neuronal populations (7) . When visual assessment detected no signal-intensity abnormalities in a study of 34 human subjects, Thaler et al (6) devised a quantitative approach to compare mean signal intensity within ROIs in the mediobasal hypothalamus using ratios with ROIs in adjacent amygdalar tissue to show that obese individuals had higher T2 hyperintensity in the mediobasal hypothalamus suggestive of gliosis.
DTI is promising for in vivo brain-damage assessment.
DTI-metrics express the degree of diffusion anisotropy from obstacles limiting molecular movement in some directions in brain tissue. We found that 1 , rather than FA, accurately discriminated obese subjects based on hypothalamic microstructural changes. DTI-metrics probably differ with the stage of disease. As FA is obtained from eigenvalues representing relative differences in water diffusivities along multiple axes, subtle alterations in microarchitecture could be expressed first as a decrease in 1 , because the largest eigenvalue will point in the direction of the largest diffusion coefficient; thus, 1 could detect early changes in hypothalamic glia better than FA, which would decrease later. Altered DTI-metrics do not prove gliosis, because edema or tumor would yield similar results. However, we excluded subjects with evidence of neurological abnormalities, making these alternative explanations unlikely. Furthermore, as in animal models, the signal suggestive of gliosis correlated positively with BMI but not with age or sex. The association with obesity was strong, lending translational relevance to preclinical studies by suggesting that hypothalamic neuronal injury and associated gliosis are also present in human obesity; therefore, DTI is a promising technique to detect and follow up these endpoints.
Our correlations between hypothalamic structural changes and cognitive tests agree with studies showing worse executive function after hypothalamus-pituitaryadrenal axis dysfunction (20) . The hypothalamus is crucial for emotional regulation and vital functions, but it also has numerous bidirectional connections with other subcortical and cortical areas; (20, 21) moreover, animal and human studies demonstrate projections from the hypothalamus to all prefrontal regions (22) . The hypothalamus is also linked to the hippocampus, amygdala, and insular cortex-regions usually associated with cognitive and executive functions (21) . This complex system enables close integration of cognitive and emotional information and might explain the hypothalamus's role in cognitive performance.
Our study has limitations, including the relative small sample size. Future studies with larger samples will allow regression analyses to assess associations in greater detail. The hypothalamus' size and location make it susceptible to motion distortion and partial-volume effects. However, the good intraobserver reliability for DTI-measurements and their correlation with cognitive performance suggest DTI detects obesity-induced hypothalamic damage, although this must be confirmed histologically in experimental models. Monitoring hypothalamic changes over time might help define the course and potential reversibility of hypothalamic damage. A longitudinal study, following primary hypothalamic eigenvalues and metabolic doi: 10.1210/jc.2014-2682 jcem.endojournals.org E5 parameters over time in patients at high risk for obesity is required to substantiate these findings. We cannot say whether hypothalamic damage is involved in the pathogenesis of obesity or is simply a marker of obesity or associated conditions like HOMA-IR or obstructive sleep apnea (OSA). We collected no data on years' education, an important predictor of cognitive performance.
In conclusion, our preliminary data indicate that 1 could be useful for assessing hypothalamic damage in obese individuals. Given that the hypothalamus plays a pivotal role in the control of food intake and energy expenditure, this approach may offer new perspectives in further studies aimed at detecting obesity-induced hypothalamic damage and in attempts to predict the response to different treatments.
